Two independently isolated temperature-sensitive autolysis-defective mutants of Escherichia coli LD5 (thi lysA dapD) were characterized. The mutants were isolated by screening the survivors of a three-step enrichment process involving sequential treatments with bactericidal concentrations of D-cycloserine, benzylpenicillin, and D-cycloserine at 42°C. Cultures of the mutants underwent autolysis during 13-lactam treatment, D-cycloserine treatment, or diaminopimelic acid deprivation at 30°C. The same treatments at 42°C inhibited growth but did not induce lysis of the mutants. The minimum inhibitory concentrations of selected Plactam antibiotics and D-cycloserine were identical for the parent and mutant strains at both 30 and 42°C. Both mutants failed to form colonies at 42°C, and both gave rise to spontaneous temperature-resistant revertants. The revertants exhibited the normal lytic response When treated with D-cycloserine and P-lactams or when deprived of diaminopimelic acid at 42°C. The basis for the autolysisdefective phenotype of these mutants could not be determined. However, a nonspecific in vitro assay for peptidoglycan hydrolase activity in cell-free extracts indicated that both mutants were deficient in a peptidoglycan hydrolase. Both mutations were localized to the 56-to 61-min region of the E. coli chromosome by F' complementation.
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At least six enzymes of Escherichia coli hydrolyze linkages in cell wall peptidoglycan (17) . The functions of these enzymes are largely unknown, but they are believed to play a role in the biosynthesis of peptidoglycan. The structural modification and expansion of peptidoglycan which occur during cell growth are thought to be brought about by the coordinated activities of the various peptidoglycan biosynthetic and hydrolytic enzymes (12) . The activities of the peptidoglycan hydrolases of E. coli are effectively controlled since normal cells apparently do not undergo autolysis. On the other hand, cell lysis usually results when peptidoglycan synthesis is inhibited in actively growing bacteria. The mechanism by which peptidoglycan hydrolase activities are regulated during normal growth and how this regulation is interfered with when peptidoglycan synthesis is inhibited are unknown. Here we describe mutants of E. coli which may be useful in the study of these problems. These mutants exhibited a temperature-dependent tolerance to lysis brought about by a variety of conditions, including treatment with p-lactam antibiotics on D-cycloserine and deprivation of diaminopimelic acid (DAP).
MATERIALS AND METHODS
Bacteria. E. coli K-12 strain LD5 (thi dapD lysA) has been described previously (6) . Strains VC30 and VC31 were autolysis-defective mutants derived from LD5. Strains VC301 and VC311 were revertants of strains VC30 and VC31, respectively. Strain KLF43/KL259 (thi tyrA pyrD his trp thyA recA mtl xyl malA galK rpsL F'143) was part of a F' strain kit obtained from B. Bachmann.
Media and growth conditions. Except where indicated, the bacteria were grown in tryptic soy broth (Difco Laboratories, Detroit, Mich.) supplemented with 50 Fg of DAP per ml (TSB). Tryptic soy agar (TSA), a solid version of this medium, contained 1.5% agar. TSB (3) . The cultures were grown at the indicated temperatures in gyratory waterbath shakers. The culture turbidity was determined with a KlettSummerson colorimeter, with a blue filter for minimal media or a green filter for TSB.
Isolation of mutants. Strain LD5 was mutagenized with ethyl methane sulfonate as described by Miller (11) except that the survivors of mutagenesis were grown at 300C. The mutagenized culture was subjected to a three-step procedure designed to enrich for temperature-sensitive autolysis-defective mutants. In the first step, a culture of mutagenized cells was grown exponentially for three doublings (180 min) at 30°C to a density of about 1 x 108 cells per ml. The culture was then shifted to 42°C. After 30 min, D-cycloserine (50 4g/ml) was added, and the incubation was continued until the culture had lysed completely (as judged by no further decreases in turbidity). The surviving cells were collected by centrifugation, washed once with sterile saline, inoculated into fresh medium, and allowed to grow to saturation (3.5 x 109 cells per ml) at 300C. In the second enrichment, the survivors of Dcycloserine treatment were diluted into fresh medium, grown at 30°C, and then shifted to 42°C as described above. After 30 min at 42C, benzylpenicillin (1 -mg/ml) was added, and the culture was incubated until lysis was complete. The survivors were treated as described above and then subjected to the third step in the procedure, which was a repeat of the first enrichment involving D-cycloserine.
Mutants were selected from the survivors of the three-step enrichment procedure by a method similar to that described by Kitano and Tomasz (7) . The cells were plated on TSA containing 500 Fg of benzylpenicillin per ml. The plates were incubated at 42°C for 16 h. Colonies which appeared during this incubation period were scored. These were not studied further, but most were apparently penicillin-resistant mutants. Each plate was then overlaid with 3 ml of 0.6% agar containing 800 U of penicillinase. The plates were incubated further at 30°C. The colonies which appeared after the addition of penicillinase and incubation at 30°C were picked and screened for tolerance to lysis induced by benzylpenicillin at 420C. As discussed below, the mutants isolated by this procedure exhibited temperature-sensitive growth. The temperature-resistant revertants were isolated by plating the mutants on Davis minimal agar and picking colonies that grew at 42°C.
MICs. The minimum inhibitory concentrations (MICs) for the various drugs used in this study were determined by preparing serial twofold dilutions of the drugs in TSB. Each tube was inoculated with the test strains to give an initial density of 1 x 105 cells per ml. Each determination was done in duplicate: one set was incubated at 42°C, and the other set was incubated at 30°C. The results were determined after 16 h of incubation.
Pepttdoglycan hydrolase assays. Peptidoglycan hydrolases were activated in intact cells by treatment with 5% trichloroacetic acid as described by Hartmann et al. (4) . The cells for this assay were labeled with
[3H]DAP as described below. A nonspecific assay for total peptidoglycan hydrolase activity in a cell-free extract using [3H]DAP-labeled peptidoglycan as a substrate was carried out as described by Hartmann et al. (5) . The specific assays for N-acetylmuramyl-L-alanine amidase (17) , peptidoglycan transglycosylase (1), and endopeptidase (2) have been previously described. The substrates for these assays were prepared from radioactive peptidoglycan obtained from strain LD5. (14) .
Measurement of radioactivity. Radioactive samples on chromatography paper were counted in a toluenebased scintillation fluid (6) . Aqueous samples were counted in PCS solution (Amersham Corp., Arlington Heights, Ill.) diluted with xylene (1:1). All samples were counted with a Beckman LS-8100 liquid scintillation counter.
PenkIllin-binding proteins. Penicillin-binding proteins were assayed at 30 and 42°C by the method of F' complementation. The mutations were mapped by F' complementation, using a modification of the platemating technique described by Miller (11) . A collection, of F' strains carrying F' factors spanning the entire E. coli chromosome and mutant strains VC30 and VC31 were grown as described elsewhere (11) 
RESULTS
The selection procedure outlined above was designed for the isolation of temperature-sensitive autolysis-defective mutants. Two independent isolates (i.e., selected from different mutagenized cultures), strains VC30 and VC31, were chosen for characterization. Both strains had identical phenotypic characteristics. Both exhibited temperature-sensitive growth and failed to form colonies at 42°C. Spontaneous revertants capable of colony formation at 42°C occurred at frequencies of 3 x 10-8 and 2 x 10-9 for strains VC30 and VC31, respectively. The mutants exhibited a temperature-dependent tolerance to lysis induced by a variety of conditions. This property is illustrated in Fig. 1 with strain VC31. The lysis of cultures treated with D-cycloserine or with ,-lactam antibiotics (e.g., benzylpenicillin) occurred at 30°C (Fig. 1A) but not at 42°C (Fig. 1B) . Similarly, cultures deprived of DAP lysed at 30 but not at 42°C (data not shown). Although the various treatments employed here failed to cause the lysis of the mutants at 420C, they were effective in inhibiting growth at this temperature (Fig. 1B) . This is consistent with the fact that the MICs for a variety of 1-lactam antibiotics and D-cycloserine (determined at both 30 and 42°C) were identical for the mutants and their wild-type parent (data not shown). These agents did not cause lysis of the mutants at 42°C at concentrations equal to at least 100 times the MICs (the use of higher concentrations was impractical or, in many cases, impossible because of solubility problems). The temperature-resistant revertants behaved like the wildtype parent of the mutants in that lysis could be induced at both 30°C (Fig. 1C) and 42°C (Fig.   1D ). The incubation of the mutant cultures at the nonpermissive temperature not only prevented autolysis but also protected the cells from the bactericidal effects of the various treatments. For example, D-cycloserine caused a rapid loss of viability in strain VC31 at 30°C ( Fig. 2A) , but viability was virtually unaffected at 42°C (Fig.  2B) .
A temperature upshift to 42°C resulted in significant reductions in the growth rates of the mutants (Fig. 1B) . To investigate the possibility that the failure of the mutants to lyse at 420C was due to this decreased growth rate, we determined whether a reduction in growth rate at 30°C affected the ability of the cells to lyse when treated with P-lactam antibiotics or D-cycloserine. The growth rates of the mutant cultures at 300C were reduced to levels observed at 420C by adding a-methyl-D-glucoside to glucose-containing media (3) or by growing the cells on a poor carbon source, such as succinate in M9 minimal medium. In all cases, lysis occurred when the cultures were treated with ,3-lactam antibiotics or D-cycloserine, suggesting that the autolysisdefective phenotype of the mutants was not due to their slow growth rates at 420C (data not shown).
Temperature downshift experiments were performed to determine whether the lysis-defective phenotype of the mutants was reversible. In these experiments, the cultures were treated with D-cycloserine or 1-lactam antibiotics for 60 to 90 min at 42°C and then subjected to a temperature downshift to 30°C in the presence and absence of chloramphenicol. A D-cycloserine-treated culture of strain VC31 began to lyse within 30 min after the temperature downshift (Fig. 3A) . Furthermore, autolysis was not prevented by chloramphenicol. The same conclusions were drawn from experiments with ampicillin (Fig. 3B) and with cephaloridine and benzylpenicillin (data not shown). These results indicate that the temperature-dependent defect in autolysis is reversible and that protein synthesis is not required for this reversal.
The unusual behavior of mutant cultures treated with 3-lactam antibiotics deserves furthercomment. At the concentrations used, the ,3-lactams permitted residual growth of cultures treated at 30°C before autolysis occurred (Fig.  1A) . However, these f-lactams, at the same concentrations, caused an abrupt inhibition of growth at 42°C (Fig. lB and 3B) . Curiously, if the mutant cultures which were treated at 420C were shifted down to 30°C, a significant amount of growth preceded the onset of autolysis (Fig.  3B ). Chloramphenicol prevented this residual growth and, in fact, appeared to stimulate autolysis. Identical results were obtained with strain VC30 (data not shown). It should be noted that this phenomenon was specifically associated with P-lactam treatment. Although D-cycloserine also caused an immediate halt to growth at 42°C (Fig. 1B and 3A) , lysis occurred without any residual growth upon downshift of the culture to 30°C (Fig. 3A ). An estimation of the time required for the acquisition of tolerance to lysis-inducing agents at 42°C was obtained by means of two types of experiments. Firstly, a culture of strain VC31 growing exponentially at 30°C was treated with D-cycloserine. At various times after treatment, portions of the culture were shifted to 42°C. All of the cultures shifted to 42°C lysed, including one which was shifted immediately after the addition of D-cycloserine (Fig. 4A) . A control culture incubated at 30°C lysed after approximately 30 min. Therefore, a period of more than 30 min at 42°C apparently was necessary for the acquisition of tolerance to D-cycloserine-induced lysis. It is noteworthy that the longer a Dcycloserine-treated culture' was kept at 30°C before being shifted to 42°C, the more rapid was Figure 5 shows the peptidoglycan hydrolase activities in strains LD5 and VC31 which could be activated by the treatment of intact cells with trichloroacetic acid (4) . When the cells for this assay were grown and labeled with [3H]DAP at 30°C, no significant differences were observed between strains LD5 (Fig. 5A) and VC31 (Fig.  5C ) even when the assays were performed at 42°C. However, when the cells were labeled at 30°C and then grown at 42°C for 30 min before the hydrolase assays were performed, the hydrolase activities of VC31 (Fig. SD) were significantly lower than in LD5 (Fig. SB) when assayed at both 30 and 42°C. This could have been due to an alteration in the peptidoglycan structure of VC31 which occurred during growth at 42°C and which resulted in an increased resistance to autolysis. However, this was unlikely because labeled peptidoglycan preparations from VC31 grown at 30 and 42°C were equally susceptible to the peptidoglycan hydrolase activities of cellfree extracts of LD5 and VC31 (data not shown).
Total peptidoglycan hydrolase activities were assayed in cell-free extracts prepared from strains LDS, VC30, and VC31 grown at 30 and 42°C. The hydrolase assays were performed at both 30 and 42°C for each extract. The total hydrolase activities in extracts of mutant cells grown at 30°C were at least 20% lower than the activities in an extract of LD5 grown at 30°C (Table 1) . Furthermore, the activities were even lower in extracts of the mutants grown at 42°C. On the other hand, growth at 42°C had no effect on the in vitro total hydrolase activity of strain LDS.
The peptidoglycan transglycosylase activities in the cell-free extracts were determined. Strains VC30 and VC31 had only about 50% of the transglycosylase activity found in LDS (Table  1) . Furthermore, this deficiency in transglycosylase was observed in extracts prepared from cells grown at 30°C, as well as at 42°C. The activities of peptidoglycan endopeptidase and N-acetylmuramyl-L-alanine amidase were also assayed in these extracts. No differences were found between the mutants and the wild-type parent strain with respect to these two enzymes (data not shown). It should also be noted that no differences were found in the activities of the penicillin-binding proteins assayed at 30 and 42°C (data not shown).
The mutations in VC30 and VC31 were recessive and were localized by F' complementation. The mutations in both strains were complemented by F' 143 from strain KLF43/KL259, indicating that the mutant loci were located in the 56-to 61-min region of the E. coli chromosome. No (15) . Direct evidence for this was first provided by Tomasz et al. (16) , who showed that a mutant of Streptococcus pneumoniae with a defective autolytic enzyme was resistant to lysis induced by a variety of inhibitors of peptidoglycan synthesis and lost viability at a slower rate than did wildtype cells treated with the same agents. The MICs for the various agents were identical for mutant and wild-type cells. Thus, concentrations of drugs which caused the lysis of wildtype cells inhibited the growth of the mutant, but no lysis occurred. Tomasz et al. (16) called this phenomenon "antibiotic tolerance."
To the best of our knowledge, we have described here the first examples of antibiotictolerant mutants of E. coli. With these mutants, we have confirmed once more than autolysis causes the loss in viability associated with the inhibition of peptidoglycan synthesis (Fig. 2) . We decided to look for temperature-sensitive mutants in this study not only because the conditional expression of the mutation would be a useful property in future studies on the mechanism of tolerance but also because we felt that it was possible that mutations conferring tolerance would be lethal. Indeed, the two independent isolates selected for this study exhibited temperature-sensitive growth, and we have so far been unable to find antibiotic-tolerant mutants which are not temperature sensitive among the hundreds of isolates screened. Both mutants described here gave rise to spontaneous revertants which were temperature resistant and, no longer antibiotic tolerant, indicating that the two properties were attributable to a single mutation. The mutants may be defective in a peptidoglycan hydrolase activity as discussed below, and this suggests that-at least one hydrolase is essential for normal cell growth.
Kitano and Tomasz (7) have described mutants which apparently differ from those described here in that they were specifically tolerant to ,B-lactam-induced lysis, i.e., their mutants lysed when treated with D-cycloserine and fluoro-D-alanine. One mutant was temperature sensitive and expressed tolerance only at high temperatures. The other mutants were termed "constitutive tolerant" (8) This protein may be a penicillin-binding protein (8) . However, the temperature-sensitive penicillin-tolerant mutants which we have isolated do not map in any of the known genes for penicillinbinding proteins (R. Harkness, D. Vanderwel, and E. Ishiguro, unpublished data). Instead, they map in the same region as the autolysindefective mutants described here (56 to 61 min). Whether temperature-dependent penicillin tolerance and the general autolysis defect are manifestations of mutations in the same gene or different genes is currently being determined by fine-structure mapping, complementation analyses, and cloning of the genes involved.
Other properties of the mutants which were established in this study are as follows. (i) The mutant protein appeared to be inactivated at a relatively slow rate in vivo at 42°C. In both mutants, a period of over 30 min at 42°C was required to establish complete tolerance (Fig. 4) .
(ii) However, once tolerance was established, it was impossible to overcome it even with saturating concentrations of drugs. (iii) The denaturation of the mutant protein was apparently reversible since the mutants lysed upon temperature downshift from 42 to 30°C even in the presence of chloramphenicol (Fig. 3) . At the present time, we are unable to explain the residual growth which occurs before lysis after the downshift of P-lactam-treated cultures of the mutants.
The peptidoglycan hydrolase activities of the mutants were determined by several in vitro methods. Of the specific enzymes assayed, only the activity of peptidoglycan transglycosylase was found to be deficient in cell-free extracts of the mutants. However, the transglycosylase activities of the mutants were apparently not temperature sensitive. Thus, the specific activities were the same when a given extract was assayed at 30 and 42°C. Furthermore, the specific activities in extracts of 30°C-grown cells were about the same as those in extracts of 42°C-grown cells, suggesting that the period of growth at 42°C did not cause the inactivation of the enzyme. In contrast, when a nonspecific hydrolase assay was used (total hydrolase, Table 1 ), significant reductions in the specific activities of hydrolases were noted in extracts of the mutants grown at 42°C. Similarly, the activities of the hydrolases which could be activated by the treatment of intact cells with trichloroacetic acid were also lower in the mutants grown at 42°C (Fig. 5) . These results may mean that a hydrolase, yet to be identified, is inactivated during growth at 42°C. It should be noted that we found no evidence for the thermo-inactivation of hydrolases during the assays by the latter two methods. In fact, we observed a tendency for the activities to increase when the assays were done at 42°C, presumably because the enzymes being assayed had temperature optima closer to 42 than to 300C. These data apparently agree with the results discussed above, which indicate that over 30 min of growth at 420C is required for the establishment of tolerance to lysis. However, we are aware of the difficulties in interpreting in vitro data to explain in vivo phenomena. It is impossible to determine the exact basis for the autolysis-defective phenotype of these mutants from the available data. We are considering at least two possibilities in our current studies. The mutation could be in a peptidoglycan hydrolase, or it could be in a protein which regulates the activity of a peptidoglycan hydrolase.
